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Among the final shots at the Nova lag€rampbellet al, Rev. Sci. Instrum57, 2101(1986] was

a series testing the VISARelocity interferometry system for any reflectéechnique that will be

the primary diagnostic for timing the shocks in a NIRational Ignition Facility ignition capsule.

At Nova, the VISAR technique worked over the range of shock strengths and with the precision
required for the NIF shock timing job—shock velocities in liquig Bom 12 to 65um/ns with

better than 2% accuracy. VISAR images showed stronger shocks overtaking weaker ones, which is
the basis of the plan for setting the pulse shape for the NIF ignition campaign. The technique is so
precise that VISAR measurements may also play a role in certifying beam-to-beam and shot-to-shot
repeatability of NIF laser pulses. @001 American Institute of Physics.
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I. INTRODUCTION mental input. Absorption of the laser, conversion to x rays,
and x-ray ablation are all complicated processes, and the

(NIF) require a pulse shape with a low power foot designeocombined modeling uncertainties may exceed the tolerance

to send a carefully timed series of shocks through the frozeﬂf. an ignition capsule to errors in p“'s? shape. Hence, we
DT (deuterium—tritium shell. If the shocks are too closely will use an experimental procedure to find the proper pulse

spaced, they coalesce within the DT ice; if too Widelys'h""ie't ical ianii | h in Fig. 1 h |
he A typical ignition pulse, shown in Fig. 1, has severa

spaced, the DT ice decompresses between shocks. Unless[i . | shock timi he height of th
shocks are spaced correctly, the DT winds up on a hig gatures designed to c_ontro shock iming. The heig .tQ the
first step sets the crucial first shock strength; once this is set,

adiabat and fails to reach higpr at the end of the o .
implosion! This paper describes a technique for achievingthe timing of the steps that launch the second and third

this correct shock timing, and experiments that have beeﬁhOCkS become the most critical parameters. As.a rule of
done to verify the approach. thumb, none of the four shocks may coalesce within the DT

The plan for achieving the proper shock timitthat is, i_ce layer, and aII_four must break out of the ice Iay(_ar in a
the proper pulse shapter a NIF ignition capsule relies on a jught sequence. Since each shock overtakes the previous one,
diagnostic instrument called VIS&Rwhich stands for Ve- If the DT ice layer were thicker, the shocks would begin to
locity Interferometry System for Any RefleciorA VISAR coalesce at a depth just inside the actual ice layer thickness.
looking into liquid hydrogen very accurately measures the reasonable dgsign cr?terion is. for the first three shocks to
speed of an approaching shock; the cold liquid is transparen?,oaleS?e at a single point and tlme—apoutmﬁ -from the
while shocked hydrogen is a highly reflective métSlection ablator interface, when the actual ice thickness in the capsule
Il explains how we will use the leading shock measurementss 80 «m. The fourth shock can overtake the others some-

to adjust the laser pulse shape, converging to the propéthat later. - _
pulse for driving an ignition capsule after several timing This coalescence criterion for the first three shocks does

shots. Section IIl discusses the N6WAISAR experiments ~NOt necessarily provide the optimum pulse, but it does guar-
from March to May of 1999 that demonstrate both the accu@ntee adequate shock timing. The overtake depth is actually

racy and dynamic range we need to carry out our NIF shocR free parameter; the capsule will be well timed over a range
timing plan. of coalescence depths of several microns.

How accurately must the first three shocks coalesce in
order for the capsule to ignite? Studies of capsule sensitivity
indicate that a pulse step timing error of ordet00 ps(or a

Four shocks traverse the DT ice main fuel layer in indi-foot power error of order-5%) will be acceptabl&,even for
rectly driven NIF ignition capsule%The first three quarters rather sensitive capsules. For the a@n/ns first shock, a
of the laser pulse launches this shock sequence in a series €f100 ps timing error corresponds to2 wm in coalescence
steps. The strength and timing of the shocks depends on thgepth (ignoring the difference between a change in shock
power and timing of the steps in the laser pulse, but theaunch time and the corresponding change in overtake)time
precise relationship is difficult to compute without experi- For the 80um layer thickness of these capsules2 um in
coalescence depth representd.5 um/ns or 2.5% in veloc-

Ignition targets planned for the National Ignition Facility

II. NIF SHOCK TIMING PLAN

*Paper NI3 4, Bull. Am. Phys. Sod5, 259 (2000. ity. ' o
"Invited speaker. In order to time the shocks for a NIF ignition capsule,
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Jonadaaaabaodbann, timing package is planar, although the ablator material and
foot : thickness are the same as the spherical capsule. Second, the
hydrogen is liquid B in the timing package, and solid DT in

100.0- the capsule. Third, the timing package is on the hohlraum

laser : wall, while the capsule is centered. To compensate for these

power - - differences, we may choose a slightly different coalescence
aTw) _ - depth for the planar liquid Pthan we would for the curved
: solid DT. (The current best guess is that the @alescence

10.0 - = depth should be equal to the DT ice layer thickness, rather
L T e than a few microns greaterThe hohlraum designs will ob-

o 5 tim;?ns) 15 viously be slightly different as well; we may compensate for

those differences by slight modifications either in the pulse

FIG. 1. A typical laser pulse for an indirect drive ignition capsule has manyShape or in the timing target's hohlraum. NIF ignition cap-

adjustable parameters. Three crucial ones are the power of the first step, asdlles are robust enough to tolerate the very small timing

the timing of the second and third steps. errors introduced by imperfections in these compensating ad-
justments.

The plan as described here does not address timing the

we will n experimental anal f th hni Wi ) . . .
© use an experimental analog of the technique we USCourth shock, which may require some considerations other

to tune capsules with simulations. Instead of a series of Simu{han 2 simole extension of the VISAR measurements. The
lations where we adjust the pulse shape until the shock b :

o : . ourth shock must overtake the first three somewhat later,
break out from the DT ice in a tight sequence, we will per-. . : - : . . )
introducing different timing considerations. Also, if suffi-

form a series of shock timing shots, monitoring shock coa. iently strong, and radiation temperatures behind are suffi-
lescence with a VISAR, and adjusting the pulse shape untif <Y 9 P

the first three shocks coalesce at the proper depth. ciently h'gh' preheat may compromise the VISAR measure-
. - ... ment. In simulations, it is relatively easy to get the fourth
Figure 2 compares the shock timing target to the ignition

target. There are three important differences: First, the shoc hock timed correctly, When the f!rst three are goo_q. It we
suspect the fourth shock timing is preventing ignition on

NIF, a few shots with different timing would suffice to scan
through all plausible launch times.

The first step in a NIF shock timing campaign will be to
select the ablator material and thickng&¥e are working on
~a— ablator experimental techniques for optimizing this chojcAbout

% DTice six to eight shots with shock timing packages will suffice to
find the pulse shape parameters which cause the first three
shocks to coalesce at the selected depth in the liquictiz
DT ice thickness in the capsuieThe first two or three shots
will adjust the strength of the first shock, and spread the
second and third out beyond the required spacing. The next
step is to move the timing of the second shock back, so that
it overtakes the first at the required depth; this will take an-
other two or three shots. The final step is to pull back the
timing of the third shock until it coalesces at the same point
as the first two. Only the position of the leading shock needs

ignition target

-<«+——DT gas

shock timing target

ablator (identical) to be measured to carry out this program; the VISAR is an
liquid DD (thick) ideal instrument for the job.
Nova experiments prove that a VISAR diagnostic can
measure the entire range of shock speeds with the precision
' required for the shock timing job. Figure 3 shows some of
optional the Nova data along with the leading shock speed in the
L = |iFanvil liquid D, for a detuned NIF ignition pulséhe three shocks
l are intentionally spread out, as they will be during the first

step of the timing serigsThe first shock speed is 20m/ns;

‘I;'SAF: after the second shock overtakes it, the leading shock speed
inct’zr':;;meter jumps up to 38«m/ns; after the third shock joins, the leading

shock is moving at 69um/ns. The required coalescence
FIG. 2. A VISAR shock timing target differs somewhat from the NIF igni- depth is 80um, with =2 wm precision. Figure 3 also shows
tion capsule it mocks up. The ablator material and thickness are identical/|SAR data from three Nova shots; VISAR sees the over-
but the shock timing package is planar. A thick liquig Byer in the shock  141a events very clearly, and the shock speeds observed on
timing package replaces the DT ice layer in the ignition capsule. The LiF . .
anvil is optional and does not affect the interesting part of the shock propalNOva essentially span the range that the NIF observations

gation. require.
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FIG. 3. The Nova VISAR experiments cover the full range of shock

strengths required for the NIF shock timing plan. Shock overtake eventsg|G. 5. The 6.7um/ns/fringe VISAR image from shot 29040809 is typical

which are the heart of the shock timing plan, show up nicely in VISAR data.high quality VISAR data. Horizontal is both position on the target and

The pulse in the simulated NIF shock timing data is mistimed so that thephase; vertical is time. The discontinuities at 2 and 5.3 ns are shock breakout

first three shocks coalesce sequentially, rather than simultaneously. and coalescence, respectively. Increasing curvature of the shock front as it
propagates causes the triangular envelope of the fringes.

After the fourth shock, the leading shock speed jumps to
well over 100um/ns; the radiation precursor in front of such refractive indexn=1.13 of liquid D,, the phase difference
a strong shock may make a VISAR shock speed measurgretween the two legs isvbr/\. (There is a small, subtle,
ment impossible, although information about the timing ofadditional correctiod) Hence, the phase difference is pro-

the overtake might be available. portional to the shock velocity.
One interferometer had a delay timeof 15.8 ps, the
IIl. NOVA VISAR EXPERIMENTS other interferometer had=51.7 ps. The instrument with the

) longer delay time is more sensitive, and makes the high pre-

_ The Nova targets were halfraunithat is, hohlraums  (ision shock speed measurement. However, at 6.79

with only a single laser entrance hpleeated by the five o ng/fringe, the high precision interferometer has a phase

west beams of Nova, as sketched in Fig. 4. There were tW@pi¢t of many fringes for shock speeds of G&n/ns. The

different pulse shgpesg 2 ns“square”. pulse a‘F" a6ns purpose of the instrument with the shorter delay is to deter-
“PS100” pulse, with wide range of drive energies for each nine the integer part of the fringe shift for the high precision

pulse shape. About a dozen shots gave high quality VISAR,siryment. Only one plausible shock speed is consistent
data. . . ) with the fractional part of the fringe shifts recorded by the
The VISAR diagnostic consists of an 808 nm probe |-y, interferometers. With two interferometers, the higher

ser, which passes through the liquid, Dreflects off the  ggngitivity instrument can make velocity measurements to
shock front(or, early in time, the D-ablator interfack then |\ iinin about 1.5% of the NIF first shock speed.

returns to a pair of interferometers. One leg of each interfer- A /AR is an imaging interferometer: The image of

ometer includes a time delay, so that the light reflected frompg (4146t forms where the two legs recombine and interfere.
the shock at any time interferes with the light reflected at agy gjightly tilting the beam splitter that recombines the legs,
slightly later time. In essence, the time delayed leg of thgne hpase difference can be translated into spatial fringes; the
interferometer is shorter than the undelayed leg by the dlsﬁmge spacing is proportional to the tilt. Finally, a streak

tance the shock travels in the delay timeAccounting for  amera with its slit perpendicular to the spatial fringe pattern
the shortening of the vacuum wavelengtk808 nm by the  ec4rds the image; phase and position at the target are com-
bined on one axis of the final image, while time is the other
axis. Figure 5 is the high resolution VISAR image made on
shot 29040809. The triangular shape of the region where the

808 nm . . . . .
Au i probe beam fringes are visible results from the increasing curvature of
halfraum | cold finger the shock fronfand the ablatgras it moves away from the
initial interface position. Late in time, only a small spot near
Nova ] . ..
drive 80-150 eV the center of the shock remains parallel enough to the origi-
beams nal interface to reflect the probe all the way back to the
(5)
streak camera. Shock breakout and overtake events show up
as discontinuities in the fringe pattern. The low precision
Alor Pl Pl or sapphire VISAR image made on the same shot determines the integer
ablator vacuum window . i L
LiF anvil part of any fringe discontinuities.
(some shots) We do not have usable x-ray drive data for these shots,
FIG. 4. Nova VISAR targetéMarch—May 1999 were very similar to the ~@nd most of the PS100 Ias_er power data are Compr0m|3_3d
proposed NIF shock timing targets. (these were some of the final shots before Nova was dis-
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TABLE I. Thickness of the B layer compared to the integral of VISAR 40
speed from shock breakout to LiF impact. Uncertainties are scatter among _ data (several lineouts) _
lineouts at various positions, not our estimate of absolute accuracy. - . o -
30- ¥ IR 29030407 —
Shot Layer um) Hi-res VISAR Lo-res VISAR Speed . ~ &
29042703 116 1171 123+10 (pm/ns)  C o) 29041208 -
29050407 113 1152 125-5 0 z : 29032311 -
29052003 222.5 2243 2235 - -
29041305 148 e 1362 - 29032204
10- -
O:I"" s RN RN RN RN RN RN N
mantled. Furthermore, the VISAR data strongly suggest an 0 ? 5 . 10 15
additional problem that complicates the question of the drive laser off Time (ns)

on these shots: Water ice may have condensed out of the
vacuum chamber on the interior of some these cryogeniE'G- 6. The_ dark curves are VISAR data from 2 ns square pulses for four
nohiraums, Lnpreditably altering the x-ray crive by as mucifio e 9% e e i, e e e sk Lneous o e
as 10 eV. Unrelated cryogenic Nova experiments definitel¥rive muitipliers force the initial shock strength to match the data in each
had water condensation problems, and two of the VISARcase, so only the breakout time and decay rate are fair measures of simula-
shots showed a 15% difference in shock speed, despite beirign accuracy.
identical shots on the same day with only a 1.6% difference
in incident energy according to the laser diagnostics, and no
other indications of problem&uch as beam clipping The low resolution VISAR should be a little over three
Nevertheless, the Nova VISAR data stand on their owrtimes less accurate. In the fourth LiF anvil shot, the high
merits. The VISAR technique definitely works with an indi- resolution VISAR failed, and the low resolution VISAR gave
rectly driven ablator, at least up to drive temperatures of 158% less than the measured distance to the anvil. This is near
eV. Most of the Nova shots had aluminum ablators, but onghe 6% error that would be consistent with a claim of 2%
shot had a polyimide ablator, so either metal or plastic ablaaccuracy for the high precision instrument, but there is an-
tors work. Shock coalescence events, where a stronger shookher possible explanation for that discrepancy: The other
overtakes the leading shock, show up beautifully in thethree shots had much lower drive; the highest was 29052003
VISAR images; the basic idea for the NIF shock timing planat about 120 eV, while shot 29041305 went up to about 145
is therefore sound. In these indirect drive experiments, theV drive. In simulations, the x-ray preheat of the LiF on shot
VISAR recorded shock speeds in liquid, Banging from 12 29041305 causes it to expand by several microns, while LiF
to 65 um/ns, corresponding to drive temperatures rangingpreheat is completely negligible for the other shots. Hence,
from 80 to 150 eV. Finally, the Nova VISAR data demon- the distance traversed by the shock before impact on
strated an accuracy of about Qu8n/ns(1/20 fringe, at least 29041305 may actually have been somewhat less than the
up to velocities of 3Qum/ns. Thus, the Nova data verify the preshot distance from ablator to LiF. Thus, preheat makes
accuracy and range needed for timing the first three shocks idirect verification of VISAR accuracy at high drive difficult.
the NIF ignition targets. However, shot 29052003 is already a stronger shock than the
Four of the shots with good VISAR data included an LiF first shock at NIF, and the LiF impact accuracy for that shot
anvil in the liquid D,, placed a precisely measured distanceis unambiguous.
from the ablator surface. The impact of the shock on the LiF  Even though the drive is uncertain, the Nova VISAR
shows up as a sudden drop in the velocity measured by th@ata compare well to simulations of the shocks. Multiplying
VISAR. (The shock transmitted into the LiF is too weak to a drive shape and spectrum from a crude hohlraum simula-
change the transparency of LiF, so the VISAR continues tdion by a factor chosen to match the measured shock strength
reflect from the D-LiF interface after impact. However, at breakout time gives a satisfactory comparison for all of the
changes in the optical properties of the shocked LiF compro2 ns drive data. Figure 6 shows the shock speed as a function
mise the recorded interface velocity after the shock reachesf time for the four 2 ns drive shots with aluminum ablators.
the LiF) The time integral of the VISAR velocity from The laser turned off at 2 ns, before any of these shocks even
shock breakout to LiF impact must equal the known distancéroke out into the D, which is why the shock speed de-
from ablator to LiF; any discrepancy represents inaccuracy icreases with time. The simulations match this decay rate
the VISAR measurement. Table | shows the results of thesgquite well, with the possible exception of 29032204. The
four experiments. shock was so weak for that shot, that the reflection required
High resolution VISAR data from the first three LiF an- by the VISAR is probably marginal. Certainly, VISAR can-
vil shots demonstrate 1%—-2% measurement accuracy. Withot measure shock speeds in liquig Bny smaller than
this Nova instrument, the error in the coalescence depth a29032204.
80 wm required for the NIF shock timing series would be 1 The shots with the 6 ns PS100 pulse shape are more
pum, or at most 2um, which is more than adequate for interesting. In that case, the drive is sometimes long enough
timing NIF shocks. This level of accuracy is consistent withto launch a second shock. The ¥ at a very low density
directly driven VISAR experiments, as well. compared to the aluminurfor plastio ablator. Therefore,
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-'-'-'-'-'-'-'-'-'/z\'- Pt matches the observed shock speed reasonably well, but the
29040809 0/ A2 shock speed measurement does not uniquely determine the
2 drive history.

Either more elaborate hohlraum models, or more elabo-
rate experiments, or both might corroborate the details of the
x-ray drive shapes that match these VISAR data. But con-
sider an alternate view: The details of the x-ray drive do not
matter, either at Nova or at NIF. The point of the NIF pulse
: shape is to make the first three shocks coalesce at a particular
| simulations depth in the DT ice, not to reproduce some calculated x-ray

5 10 drive history. The planar liquid Pshock timing package is a
time (ns) good surrogate for the capsule, so a pulse that makes shocks
FIG. 7. The dark curves are VISAR data from 6 ns PS100 pulses for twoCoalesce at the proper depth in the ShO(.:k. timing package will
shots; the higher the drive energy, the faster the shock. Lineouts at sever@€ Very close to the proper shape for driving the capsule. The
positions are plotted for each shot. The light curves are simulations. Th& ISAR has the accuracy and dynamic range to find that
yaric_)us simulations correspond to the different x-ray drive histories showrprOper pulse shape by experimefh initio simulations with
n Fig. 8. comparable accuracy are unnecessary.

60

40

20

Shock speed (pm/ns)

| visARdata

]

when the first shock breaks into the Da strong rarefaction
wave runs back through the ablator. When this wave reachd

the ablation front, the ablator begins to accelerate. If the |, the Nova VISAR experiments, we measured shock

acceleration persists, the ablator reaches a speed higher thgt\qcities in liquid B, from 12 to 65xm/ns with better than
the speed that the interface originally jumped into the D 5oy accuracy. This is good enough to carry out our NIF

launching a second shock into the, Dwhich eventually  ghqck timing plan, so that we can experimentally find and
overtakes the flrst..The VIS.AR records the shock'coales\-,emcy the correct pulse shape to drive an ignition capsule.
cence as a sudden increase in the speed of the leading shogkgar experiments continue at the Omega laser in collabo-
Although the mechanism for launching this second shock i$4tion with the Laboratory for Laser Energetics. We recog-
not the same as in a NIF shock timing package, the hydrog,e the difficulty of designing a hohlraum that produces the
dynamics in the B, which the VISAR measures, is identi- ¢ame x-ray drive on a planar shock timing package as the
cal: A second shock runs down and c_atches the first. ignition hohlraum produces on a capsule, given the same
Shock overtake events occurred in shots 29040809 anfgser pulse. However we resolve this hohlraum design issue,
29052003, as the VISAR data in Fig. 7 shoWwo other o \/|SAR diagnostic will allow us to directly verify that the
shots gave good shock coalescence giafégure 7 also  ghocks launched by some particular pulse shape actually coa-
shqws thgt matphlng Fhe .observed shock speed. as a functigfsce at the proper depth in cryogenic hydrogen. Since that
of time with a simulation is much more challenging than for -51escence is the whole reason for the fancy pulse shape in
the 2 ns data_. The exact time of the overtake _and the strengtfie first place, VISAR measurements give us exactly the
of the combined shock depend on the details of the x-TaYaeqhack we need to experimentally find the proper pulse
pulse shape. The gray curves in Fig. 7 represent S'mU|at'°”§hape for a NIF ignition capsule.
using several different x-ray drive histories; Fig. 8 plots the 11 extraordinary precision of the VISAR shock speed
corresponding drives. One drive shape shown for each shefaasurement may have uses beyond shock timing, as well.
With VISAR we can reliably distinguish shock strength dif-
ferences of a few percent; with care we can build targets
1600ttt b '2'9'0'4'056; which are identical to even better tolerance. Hence, a VISAR
- A G - diagnostic could check that a laser is delivering identical
140 - - pulses for months or years; this precision is comparable to or
better than the best laser diagnostics, and independent of any
evolutionary changes in either the laser or its diagnostics. A
target-based repeatability measurement could also serve as a
power balance diagnostic. Also, in conjunction with high
precision laser diagnostics, we could perhaps study whether
random shot-to-shot shock strength variations exceed the
80 0' rrrrrn 15 prari '1% variations in incident laser power. Any such application of
time (ns) VISAR would become much more attractive if it were a
noncryogenic experiment. So far, VISAR has tracked di-

FIG. 8. The three upper curves are the x-ray drives corresponding to thﬁectly driven shocks in water, plastic, and LiF; cryogen'g: D
three simulations of shot 29040809 plotted in Fig. 7; the two lower curves; : T . .

correspond to the two simulations of shot 29052003. The dark curves matals still the only indirectly driven _matenal'_ .

the VISAR shock overtake times best. The overtake time and combined ~Regardless of other possible applications, the Nova

shock strength are sensitive to details of the drive shape. VISAR experiments in cryogenic Dverify that shocks can

¥. SUMMARY

Drive Tr (eV)
N
o
I
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be measured with sufficient accuracy, in the appropriateawrence Livermore National Laboratory under Contract
range of strengths, for the case of most interest: cyrogeniblo. W-7405-Eng-48.

ignition targets. N _ _ , _
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